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Trapping of ultra-cold atoms with the magnetic field of vortices in a thin film 

superconducting micro-structure 

T. MiillerQ B. Zhang, R. FermaniQ K.S. Chan, Z.W. Wang, C.B. Zhang, M.J. Limlll and R. Dumk^ 
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We store and control ultra-cold atoms in a new type of trap using magnetic fields of vortices in 
a high temperature superconducting micro-structure. This is the first time ultra-cold atoms have 
been trapped in the field of magnetic flux quanta. We generate the attractive trapping potential for 
the atoms by combining the magnetic field of a superconductor in the remanent state with external 
homogeneous magnetic fields. We show the control of crucial atom trap characteristics such as 
an efficient intrinsic loading mechanism, spatial positioning of the trapped atoms and the vortex 
density in the superconductor. The measured trap characteristics are in good agreement with our 
numerical simulations. 

PACS numbers: 37.10.Gh, 03.75.Be, 74.25.Qt, 74.78.Na 



Atom-optical systems combined with well-established 
superconductor technology allows a new generation of 
fundamental experiments and applications, potentially 
enabling a coherent interface between neutral atoms and 
solid-state quantum devices. Important applications in- 
clude the quantum state transfer and manipulation be- 
tween atomic and solid-state systems which is of great 
interest for quantum information. For this goal the com- 
bination of atomic or molecular quantum systems with 
quantum states in superconducting solid-state devices 
has been proposed in various forms |l|, [H, 0, 0, [H, @, 0, Q • 
Recently, superconducting current-carrying chips have 
been used to implement micro-traps for neutral atoms 
S HO, Eii and advantages over conventional chips have 
been shown [l2l, [l^, [Tj]. A prominent approach for 
quantum state manipulation in superconductors utilizes 
the magnetic flux quantum jl5|, HI, [13, [3. The flux 
quantum is of particular interest as an interface between 
atomic quantum systems and solid-state quantum de- 
vices because atoms with a magnetic dipole moment can 
be manipulated to high precision using magnetic fields. 
The pairing of atoms with quantized magnetic flux is a 
promising way of achieving a controlled interaction with 
possible applications in quantum technology and funda- 
mental studies. 

In this article we report the trapping of ultra-cold atoms 
that relies on the controlled coupling between vortices 
in a superconductor and the magnetic dipole moment of 
^^Rb atoms. This mechanism allows the design of novel 
trapping or guiding architectures for ultra-cold atoms. 
Such architectures could be additionally tailored by us- 
ing combinations of vortices with magnetic fields induced 
by applied currents in superconducting micro-structures. 
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FIG. 1: (Color online) Schematic illustration of the magnetic 
field distribution during the preparation of the remanent-state 
superconductor (a)-(c) and the vortex-based micro-trap (d). 
Illustrated are the field lines (black lines) and equipotentials 
(colored lines and grayscale) of the magnetic field. An absorp- 
tion image of 6 • 10^ atoms recorded 1ms after release from 
the vortex-based micro-trap is shown in (e). 



This might be used to investigate the vortex dynamics in 
current-carrying superconducting micro-traps [19, 20]. 

The basic principles of the vortex-based trap are 
schematically shown in Fig. [H The trap is created by 
a type-II superconducting thin film strip on a chip sub- 
strate. No magnetic field is applied as the superconduc- 
tor crosses the transition temperature Tc. Below Tc the 
film is ideally in the Meissner state, repelling any sub- 
sequently applied magnetic field smaller than the first 
critical field (Fig.[Il[a)). To introduce vortices a mag- 
netic field Bz^to > perpendicular to the chip surface 
is applied at time to and field lines start penetrating the 
film (Fig. mb)). The magnetic field is raised to a value 
Bz,to well above Bc^ but below the second critical field 
Bc2' Afterward the magnetic field Bz^to is turned off. 
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Due to the properties of the thin film, a large fraction 
of the vortices remains trapped. The vortices remaining 
in the film are not isotropically distributed and the su- 
perconductor is referred as being in the remanent state 
I21I . [22! . Figure [TJ^c) represents a simplified picture of 
the magnetic field due to a vortex trapped in the cen- 
ter of the strip. After preparing the trapped flux, the 
inhomogeneous field created by the vortices is combined 
with a magnetic bias field B^^ti at time ti parallel to the 
surface of the thin film. This generates a field minimum 
below the strip (Fig. [IJd)), which is used to trap ultra- 
cold atoms. 

We simulate the magnetic potentials of the vortex-based 
trap by means of mesoscopic models for magnetic fiux 
penetration in type-II superconductors [22|, In 
our simulations, we assume that for an increasing exter- 
nal field Bz above Bc^ , the vortices penetrate the super- 
conductor from the edges and move toward the center of 
the strip. The spatial extent of the flux incursion b from 
the edges depends on the applied field Bz , the critical cur- 
rent density jc, the width a and thickness d of the strip 

according to the formula b = ^ (l - ,osh(^Bt//iojcd) ) ' 
The central region of the strip of width 6 = a — 26 re- 
mains flux- free 0, ^| . After the external field Bz has 
been removed, our model considers the length scale b as 
the fundamental parameter that characterizes the spatial 
distribution of the trapped magnetic flux. As the strip 
thickness d is much smaller than its width a and the typ- 
ical trap-to-surface distance realized in our experiments, 
we neglect any effects of the magnetic field Bx^ti on the 
superconducting strip. Simulations of magnetic fields de- 
rived from the described model are shown in Fig. 2(b)- 
(c). 

To realize the vortex-based magnetic trap we prepare a 
cloud of cold ^^Rb atoms in an ultra-high vacuum cham- 
ber using standard laser cooling and trapping techniques. 
Then the cloud is magnetically transported to the super- 
conducting chip, which is mounted facing downward and 
cooled using liquid nitrogen. We cool the chip to about 
83K without any additional thermal shielding. 
The superconducting chip is a structured, d = 800nm 
thin film of YBa2Cu307_x (YBCO) on a yttria-stabilized 
zirconia single crystal substrate. The thin film has a crit- 
ical temperature Tc = 89K and at liquid nitrogen tem- 
perature jc = 2.7MA/cm^. We use a 400/im wide strip 
to generate the main trapping potential. Using standard 
lithographic techniques the strip is structured in a Z- 
shape [24] which is commonly used in current carrying 
micro-traps. The central strip has a length of 5mm and 
is crossed in its center by an additional wire of 200/im 
width intended for trap compression [25[ . We use a bare 
YBCO film as additional metal layers can become the 
dominant source of magnetic near-field noise [ill, [3] • 

To load the atoms into the micro-trap and simultane- 
ously prepare the superconductor in the remanent state, 
we employ the following experimental sequence. A stan- 
dard six-beam magneto-optical trap (MOT) is formed 




FIG. 2: (Color online) The superconducting strip is oriented 
along y and its position is centered at x = 0, 2; = 0. (a) 
Absorption image showing the atomic density distribution in 
trapM2- (b) Simulated magnetic field of trapM2 in the region 
near the strip, (c) Simulated magnetic field of the trapped 
vortices combined with the bias field Bx,ti- The field min- 
imum below the edge of the strip corresponds to the radial 
trapping potential of trapMs- 



with typically 3 x 10^ atoms at a position 35mm below 
the chip center. After a compression MOT, molasses 
cooling and optical pumping to the \F = 2,mF = 2) 
state we transfer the atoms to a magnetic trap {trap mi) ^ 
which is created by the same coils as used for the MOT. 
In this quadrupole trap the vertical magnetic field gra- 
dient — can be varied between 20-35G/cm. There- 
fore, the magnetic field generating trapMi can efficiently 
be used to prepare the superconductor in the remanent 
state. At the location of the chip, the resulting field 
component Bz^to perpendicular to the chip surface is 69- 
12 IG. This is well above the first critical field of our chip 
of about 25G (at 83K). After storing the atoms in trap mi 
for 160ms, they are adiabatically transferred to a second 
quadrupole- type magnetic trap {trapM2)^ generated by a 
coil pair centered close to the chip surface. To transfer 
the atoms, we slowly ramp down the current for trap mi 
and simultaneously ramp up the current for trapM2 in 
460ms. The magnetic field component Bz at the chip 
position is reduced well below Bc^ during the transfer. 
The vortices created by the magnetic field of trapMi re- 
main in the thin film. We typically transfer 1.5 x 10^ 
atoms with a temperature of 120/iK to trapM2- 
The magnetic quadrupole-type field generated by the 
coils for trapM2 is as expected significantly altered by 
the trapped vortices. In Fig. [21(a) we show the trapped 
atomic density distribution probed by in situ absorption 
imaging along the strip axis y. The field minimum posi- 
tioned 800/im below and 600/im to the side of the strip is 
due to the quadrupole field. Due to the combination of 
the vortex field and the fringing quadrupole field a sec- 
ond local minimum is formed below the edge of the strip. 
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FIG. 3: Number of trapped atoms in the micro-trap trapMs 
for varying bias field Bx,ti- A magnetic field Bz,to of 112G 
has been used to prepare the vortices in the superconducting 
film for this measurement. 



This is clearly seen in the high atomic density. This sec- 
ond minimum allows efficient transfer of the atoms to the 
vortex-based micro-trap (trapMs)- The observed atomic 
density distribution and the simulations of the total mag- 
netic field shown in Fig. [2](b) are in good agreement. 
The atoms are loaded into the vortex-based micro-trap 
trapMS by turning off the quadrupole field and applying 
a homogeneous bias field Bx^ti- Strong radial confine- 
ment is realized along x and z by the combination of 
the vortices and the field Bx^n (Fig. [2](c)). The weaker 
axial confinement along y is provided by magnetic poten- 
tials resulting from vortices at the corners of the central 
strip, reminiscent of the Z-shape trap geometry [2^]. In 
Fig. [2^c) we show the simulated contour lines of the total 
magnetic field in the x — z plane which creates the radial 
trapping potential below the edge of the strip. 
From trapM2 we transfer up to 1 x 10^ atoms to trapMs- 
Typically, we apply additional homogeneous bias fields 
Bz^ti and By^n at time ti along the two other dimen- 
sions to improve the performance of the micro-trap. The 
field Bz^ti along the vertical direction shifts the atomic 
cloud position sideways along the width of the strip. This 
places the trap at different vortex densities as the flux 
is inhomogeneously distributed across the strip width 
[21I, [22[. To decrease Major ana spin- flip losses, the addi- 
tional bias field By^n along the central strip is used to in- 
crease the absolute value of the magnetic field at the trap 
center. Typical bias fields for our trap are B^^ti = 40G, 
Bz,ti = 7.7G and By^n = 3.3G. With these parameters 
the trap lifetime is a few seconds, equal to the lifetimes of 
trapMi and trapM2^ which are limited by the background 
gas pressure in our single chamber vacuum setup. 
To characterize the micro-trap we measure the atom 
number and trap-to-surface distance for various fields 
Bx^ti as shown in Fig. [3] and Fig.[4l The atom number is 
inferred from absorption imaging after 1ms time of flight. 
With increasing B^^ti the position of the trap center is 
shifted closer to the chip surface and therefore the ra- 



FIG. 4: Distance of the micro-trap trapMs to the chip surface 
for varying bias field Bx,ti- The graph shows two series of 
distance measurements, each using a different magnetic field 
Bz,to to create the trapped vortices. In the inset we show the 
measured trap distance for a fixed Bx,ti when Bz^to is varied. 



dial magnetic field gradient at the trap center increases. 
The minimum field required to trap atoms as shown in 
Fig.[3]is 4.6G. This corresponds to the magnetic field gra- 
dient at the trap center being just sufficient to overcome 
gravity. With increasing bias fields the depth of trapMS 
also increases. Therefore, we observe a sharp increase in 
the number of trapped atoms for bias fields from 4.6G to 
about lOG as a consequence from the atomic temperature 
in trapM2' With further increasing Bx^ti the atom num- 
ber starts to saturate, as the increase in trap depth and 
field gradient is countered by the simultaneous reduction 
of the trap volume of the micro-trap. For Bx^ti > 41G 
the size of the trapped cloud exceeds the distance to the 
chip surface and we observe loss of atoms. 

The trap-to-surface distance of trapMS is determined 
by in situ imaging of the trapped atoms using a detec- 
tion laser beam reflected from the chip surface [26]. In 
Fig. [4] we show the measured trap distance as a function 
of Bx^ti' The distance is reduced for increasing Bx^ti- 
However, for higher fields Bx^ti this effect diminishes as 
the trap distance becomes smaller than the spatial extent 
of the fiux front b on the strip. 

We investigate the control of the amount of trapped vor- 
tices using the distance measurement displayed in Fig. [H 
As the trap distance is determined by the cancellation 
of the average vortex magnetic field along x by the bias 
field Bx^ti this measurement is a sensitive probe of the 
amount of trapped magnetic flux. We perform several 
series of distance measurements. For each series we use 
a different field Bz^to to prepare the trapped vortices. 
Throughout all measurements the thin film is kept in the 
superconducting state and we increase Bz,to from series 
to series. We did not observe any reduction of the amount 
of trapped flux during the measurements and the results 
agree well with the simulated trap-to-surface distance. 
An estimate of the vortex density in the superconductor 
is 3 — 5/im~^ for the range of Bz^to used in our experi- 
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merits. As a consequence, the average distance between 
individual vortices is still much smaller than the trap dis- 
tance. Therefore, we do not resolve individual vortices 
and the atoms sample the field produced by the vortex 
density. However, by using atomic samples with sub-/iK 
temperatures the magnetic potential in the near field of 
surface micro-traps can be resolved with high precision 
[27]. For such measurements, the vortex density could 
be varied with the externally applied magnetic field or 
by changing the chip temperature, e.g. by cooling with 
liquid helium. 

A variety of fascinating experiments combining ultra- 
cold atoms and vortices in superconductors is within 
reach. Ultra-cold atoms could be trapped by the combi- 
nation of a single vortex and externally applied magnetic 
fields. This could be extended to time-varying potentials 
jH, [2^ , to create novel types of magnetic traps or ring 
guides very close to a surface, e.g. below 1/im. Periodic 
or quasi-periodic magnetic potentials created by vortex 
lattices could be investigated or used to manipulate the 
atoms. Moreover, ultra-cold atoms could be used for a 
spectroscopic measurement of the magnetic fiux quan- 
tum. 



In conclusion, we have realized the trapping of ultra-cold 
atoms with the magnetic fields of vortices in a remanent- 
state superconductor. We have shown the experimental 
control of important atom trap characteristics such as 
efficient loading, atom trap positioning and the vortex 
density in the superconductor, which agrees well with 
numerical simulations. The realized trap can be under- 
stood as a controlled interaction of atomic and solid-state 
quantum systems, paving the way for future discoveries 
in quantum technology and fundamental physics. 
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